Obesity is recognized worldwide as a complex metabolic disorder that has reached epidemic proportions and is often associated with a high incidence of cardiovascular diseases. To study this pathology and evaluate cardiac function, several models of diet-induced obesity (DIO) have been developed. The Western diet (WD) is one of the most widely used models; however, variations in diet composition and time period of the experimental protocol make comparisons challenging. Thus, this study aimed to evaluate the effects of two different types of Western diet on cardiac remodeling in obese rats with sequential analyses during a long-term follow-up. Male Wistar rats were distributed into three groups fed with control diet (CD), Western diet fat (WDF), and Western diet sugar (WDS) for 41 weeks. The animal nutritional profile and cardiac histology were assessed at the 41st week. Cardiac structure and function were evaluated by echocardiogram at four different moments: 17, 25, 33, and 41 weeks. A noninvasive method was performed to assess systolic blood pressure at the 33rd and 41st week. The animals fed with WD (WDF and WDS) developed pronounced obesity with an average increase of 86.5% in adiposity index at the end of the experiment. WDF and WDS groups also presented hypertension. The echocardiographic data showed no structural differences among the three groups, but WDF animals presented decreased endocardial fractional shortening and ejection fraction at the 33rd and 41st week, suggesting altered systolic function. Moreover, WDF and WFS animals did not present hypertrophy and interstitial collagen accumulation in the left ventricle. In conclusion, both WD were effective in triggering severe obesity in rats; however, only the WDF induced mild cardiac dysfunction after long-term diet exposure. Further studies are needed to search for an appropriate DIO model with relevant cardiac remodeling.
Introduction
Obesity is a complex metabolic disorder recognized worldwide as a significant health concern, and its prevalence has reached epidemic proportions [1] . In 2016, more than 1.9 billion adults were overweight; of these, over 650 million were obese [2] . The etiology of obesity is complex and multifactorial, especially involving environmental and genetic factors. However, the modern obesity epidemic is undoubtedly the result of environmental determinants and is often associated with a reduction in physical activity and increased intake of diets high in saturated fat and sugars, commonly termed Western diet [3, 4] . Excessive body fat is the leading risk factor for numerous comorbidities, most notably gastrointestinal diseases, type 2 diabetes mellitus, certain types of cancer, and cardiovascular disease (CVD) [5] .
A number of clinical and animal studies have generated convincing evidence that hemodynamic, neurohormonal, and metabolic alterations, which are commonly found in obesity, contribute to changes in cardiac morphology that may predispose to impaired ventricular function and heart failure [6, 7] . For a better understanding of the mechanisms underlying cardiac dysfunction in obesity and to assess potential treatments for this pathology, several experimental animal models have been developed, and one of the most commonly used is the diet-induced obesity (DIO) model [8] . Among the various types of experimental diets, such as high-fat, cafeteria, and high-fructose, many studies have preferably used the Western diet (WD) due to its relative similarity to the human consumption responsible for the obesity epidemic [9, 10] .
In WD, various sources of fat and sugar are used in different proportions, sometimes higher in fat or higher in sugar, and there is no consensus on which one is the most effective to cause cardiac dysfunction; moreover, the duration of experimental studies ranges widely [11] [12] [13] [14] [15] [16] . Thus, a considerable divergence of results concerning heart function is observed among different studies making comparisons challenging. Despite the existence of these several investigations regarding Western diet-induced cardiac dysfunction in animal models, a direct comparison between different patterns of WD on cardiac structure and function over time has not been adequately evaluated so far. Therefore, this study aimed to assess the effects of two types of the Western diet, one with high fat (50% fat, 35% carbohydrate) and one with high carbohydrate (34% fat, 49% carbohydrate) content, on cardiac remodeling in obese rats with sequential analyses during a long-term follow-up. This proposal may be useful to determine an adequate obesity model with functional impairment of the heart so that pathophysiological mechanisms or preventive and therapeutic strategies can be investigated in future studies.
Material and Methods

Animals
Male Wistar rats (60 days old) were obtained from our breeding colony and housed in individual cages under a controlled environment with 12 h light/dark cycle at room temperature (24 • C ± 2 • C) and 55 ± 5% humidity with water and food ad libitum. All animal experiments and procedures were performed according to the Guide for the Care and Use of Laboratory Animals published by U.S. National Institutes of Health [17] and were approved by the Ethics Committee on Animal Experiments of the Botucatu Medical School, São Paulo State University, UNESP (protocol 1119/2015-CEUA).
Experimental Design
The experimental timeline for this study was conducted as shown in Figure 1 . Randomized rats were fed with a control diet (CD), Western diet fat (WDF), or Western diet sugar (WDS) for 41 weeks (n = 10 for each group). The echocardiographic analysis was performed 17 weeks after the beginning of the study and repeated every 2 months until completion at 41 weeks.
After 41 weeks of experimental protocol, following the echocardiogram and systolic blood pressure evaluation, the animals were fasted overnight (12 h), anesthetized (50 mg/kg ketamine; 10 mg/kg xylazine; intraperitoneal injection), and sacrificed by decapitation. The heart was rapidly isolated; perfused with phosphate-buffered saline (PBS) to remove blood; and then the left and right ventricles, atria, and papillary muscle were dissected for further analysis. White adipose tissues (WATs) were also isolated, dissected, and weighed for nutritional profile assessment. mg/kg xylazine; intraperitoneal injection), and sacrificed by decapitation. The heart was rapidly isolated; perfused with phosphate-buffered saline (PBS) to remove blood; and then the left and right ventricles, atria, and papillary muscle were dissected for further analysis. White adipose tissues (WATs) were also isolated, dissected, and weighed for nutritional profile assessment. 
Diet Composition
Diets were developed at the Experimental Research Unit (UNIPEX-UNESP) using the following ingredients: soybean meal, soybean hull, corn bran, dextrin, sucrose, fructose, soybean oil, palm oil, palm kernel oil, lard, salt, and vitamin and mineral premix. The CD was custom-formulated with the same ingredients as the WDF and WDS except for fructose, sucrose, palm oil, and lard added only in the WDF and WDS, and soybean oil added only in the CD to produce three different diets in fat, protein, and carbohydrate contents ( Table 1 and Figure 2 ). The CD and WDF have been used in our previous study [18] . 
Nutritional Profile of the Animals
The nutritional profile was assessed according to the following parameters: energy intake, feed efficiency, body weight, white adipose tissues (WATs) weight, and adiposity index (AI).
Calorie consumption was determined by multiplying the energy value of each diet by the food intake (g × kcal). The feed efficiency was calculated to analyze the animal's capacity to convert consumed food energy in body weight, dividing the total body weight gain (g) by total energy intake 
Calorie consumption was determined by multiplying the energy value of each diet by the food intake (g × kcal). The feed efficiency was calculated to analyze the animal's capacity to convert consumed food energy in body weight, dividing the total body weight gain (g) by total energy intake (kcal). The animals were weighed once a week. The WATs were determined by the sum of epididymal, retroperitoneal, and visceral fat pad weights. To calculate the AI, the WATs was divided by the final body weight as follows: (WATs/final body weight) × 100. This index is an easy and consistent method to evaluate the amount of body fat in rodents and several authors have used it [9, 19, 20] .
Systolic Blood Pressure Evaluation
Systolic blood pressure (SBP) was measured in conscious rats at the 33rd and 41st week using the noninvasive tail-cuff method with an electro-sphygmomanometer, Narco Bio-System (International Biomedical, Austin, TX, USA), as previously described [21] . The rats were warmed in a wooden box between 38 and 40 • C with heat generated by two incandescent lamps for 4 min to cause vasodilation of tail artery. Then, they were transferred to a cylindrical iron support that was specially designed to allow total exposure of the animal's tail. A sensor coupled to the electro-sphygmomanometer was placed in the proximal region of the tail. The arterial pulsations were recorded in a computerized data acquisition system (AcqKnowledge ® MP100, Biopac Systems Inc., Santa Barbara, CA, USA). The average of two readings was recorded for each measurement.
Echocardiographic Study
The first echocardiographic analysis was performed at the 17th week of dietary treatment and evaluated every 2 months until the 41st week, totaling four moments of study (17, 25, 33 , and 41 weeks). The analysis was performed using commercially available echocardiography (General Electric Medical Systems, Vivid S6, Tirat Carmel, Israel) equipped with a 5-11.5 MHz multi-frequency transducer, as previously described [22] . Rats were anesthetized by intraperitoneal injection of a mixture of ketamine (50 mg/kg) and xylazine (1 mg/kg). Two-dimensionally guided M-mode images were obtained from short-axis views of the LV at or just below the tip of the mitral valve leaflets and at the level of the aortic valve and left atrium. Flow evaluation (E and A waves) and tissue Doppler were performed in the apical four-chamber view. The parameters used to calculate the Tei index were obtained in the apical five-chamber view. M-mode images of the LV were printed on a black and white thermal printer (Sony UP-890MD) at a sweep speed of 100 mm/sec. The same observer manually measured all LV structures according to the method of the American Society of Echocardiography [23] . The measurements obtained were the mean of at least five cardiac cycles on the M-mode tracings.
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The following LV structural parameters were analyzed: LV diastolic diameter (LVDD), LV diastolic posterior wall thickness (DPWT), LV relative wall thickness (RWT), and diameters of the left atrium (LA) and aorta (AO). LV function was assessed by the following parameters: endocardial fractional shortening (EFS), ejection fraction (EF) calculated by the Cube method, and early and late diastolic mitral inflow velocities (E and A waves) ratio. A combined diastolic and systolic LV function was measured, calculating the myocardial performance index (Tei index). The study was complemented using tissue Doppler imaging (TDI) to evaluate early diastolic (E') velocity of the mitral annulus (arithmetic average of the lateral and septal walls) and the ratio E/E'.
Cardiac Morphological Profile
The following parameters determined macroscopic cardiac remodeling: heart, atria, and left and right ventricle weights, as well as their ratio with tibia length. Additionally, frozen LV samples were used for histological analysis, as previously described [22] . LV transverse sections were cut at 5 µm thickness in a cryostat cooled to −20 • C and then stained with hematoxylin and eosin to determine transverse myocyte diameter, which was measured in at least 50-70 myocytes from each LV as the shortest distance between borders drawn across the nucleus. Collagen interstitial fraction was also determined using picrosirius red staining of LV sections and, on average, 20 microscopic fields were used to quantify interstitial collagen fractional area. Perivascular collagen was excluded from this analysis. All measurements were performed using a Leica microscope (magnification 40×) attached to a video camera and connected to a computer equipped with image analysis software (Image-Pro Plus 3.0, Media Cybernetics, Silver Spring, MD, USA).
Statistical Analysis
All data were tested for normality before statistical analysis using the Shapiro-Wilk test. The results were analyzed using One-way ANOVA followed by Tukey post hoc test (parametric distribution of data) or Kruskal-Wallis test followed by Dunn's (non-parametric distribution). Two-way ANOVA with repeated measures followed by Bonferroni post hoc test was used to determine statistical differences in body weight evolution, SBP, and echocardiogram. Data are expressed as mean ± s.e.m. (standard error of the mean) or median (maximum [Max] and minimum [Min] values). All statistical analyses were performed using SigmaPlot 12.0 (Systat Software, Inc., San Jose, CA, USA), and graphics were generated using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA). The differences were considered statistically significant when p < 0.05.
Results
Nutritional Profile of the Animals
Over the 41 weeks, both WD induced a progressive increase in body weight gain. The rats fed with WDS became heavier than those fed with CD diet from the 12th week of dietary treatment until the end of the study, while rats fed with WDF showed higher body weight than CD rats only after the 15th week ( Figure 3 ). As observed in Table 2 , the energy intake (kcal per rat) was similar in all groups. After 41 weeks, the rats receiving WDF and WDS showed an average increase of 18% in body weight, 126% in WATs, and 86% in adiposity index, indicating that both diets were equally significant in triggering severe obesity in comparison to CD. Moreover, the feed efficiency was higher in rats fed with WDF and WDS, even though these rats did not consume more calories than rats fed CD, suggesting that weight gain occurred regardless of energy intake. 
Systolic Blood Pressure Evaluation
The SBP was higher in WDF-fed animals than their respective controls at 33 and 41 weeks. In the WDS group, there was a trend toward increased SBP (p = 0.052) at 33 weeks and significant elevation of the SBP at 41 weeks compared to the CD. These findings indicate that both WD were able to trigger hypertension in the animals (Figure 4 ). As observed in Table 2 , the energy intake (kcal per rat) was similar in all groups. After 41 weeks, the rats receiving WDF and WDS showed an average increase of 18% in body weight, 126% in WATs, and 86% in adiposity index, indicating that both diets were equally significant in triggering severe obesity in comparison to CD. Moreover, the feed efficiency was higher in rats fed with WDF and WDS, even though these rats did not consume more calories than rats fed CD, suggesting that weight gain occurred regardless of energy intake. 
The SBP was higher in WDF-fed animals than their respective controls at 33 and 41 weeks. In the WDS group, there was a trend toward increased SBP (p = 0.052) at 33 weeks and significant elevation of the SBP at 41 weeks compared to the CD. These findings indicate that both WD were able to trigger hypertension in the animals (Figure 4 ). 
Cardiac Structural and Functional Assessment
Illustrative LV M-mode echocardiograms are shown in Figure 5 . Structural analysis of the heart performed by echocardiogram revealed no significant changes among the CD, WDF, and WDS groups for all variables ( Figure 6 ). Regarding the evaluated moments, LVDD was increased in the WDF group at the 25th and 33rd weeks when compared to the 17th week ( Figure 6A ). DPWT was increased at 41 weeks compared to 17 weeks in CD and WDF groups; moreover, this variable increased from the 25th week to 41st week in the WDF and WDS groups ( Figure 6B ). RWT showed a decrease from week 17 to week 25 and augmented from weeks 25 and 33 to week 41 in the WDF group ( Figure 6C ). AO enlarged at weeks 25 and 33 compared to week 17 in WDF-fed rats; furthermore, this variable increased from the 17th week to the 41st week in all groups ( Figure 6D ). LA expanded from week 17 to weeks 33 and 41 only in the WDF group ( Figure 5E) . No changes were observed over time for all groups when LA was normalized by AO ( Figure 6F ). Overall, most of the observed changed reflect the growth of animals over time, with no significant effect of obesogenic diets on the cardiac structure. 
Illustrative LV M-mode echocardiograms are shown in Figure 5 . Structural analysis of the heart performed by echocardiogram revealed no significant changes among the CD, WDF, and WDS groups for all variables ( Figure 6 ). Regarding the evaluated moments, LVDD was increased in the WDF group at the 25th and 33rd weeks when compared to the 17th week ( Figure 6A ). DPWT was increased at 41 weeks compared to 17 weeks in CD and WDF groups; moreover, this variable increased from the 25th week to 41st week in the WDF and WDS groups ( Figure 6B ). RWT showed a decrease from week 17 to week 25 and augmented from weeks 25 and 33 to week 41 in the WDF group ( Figure 6C ). AO enlarged at weeks 25 and 33 compared to week 17 in WDF-fed rats; furthermore, this variable increased from the 17th week to the 41st week in all groups ( Figure 6D ). LA expanded from week 17 to weeks 33 and 41 only in the WDF group ( Figure 5E) . No changes were observed over time for all groups when LA was normalized by AO ( Figure 6F ). Overall, most of the observed changed reflect the growth of animals over time, with no significant effect of obesogenic diets on the cardiac structure. Regarding cardiac function, no statistical differences were detected among the three groups for the Tei index and E/A and E/E' ratios ( Figure 7B ,E,F). HR was higher at the 33rd and 41st weeks in the WDS group compared to CD ( Figure 7A ). EFS was lower at weeks 33 and 41 in the WDF group in comparison to CD and WDS ( Figure 7C ). EF also decreased at the 33rd week in the WDF group Regarding cardiac function, no statistical differences were detected among the three groups for the Tei index and E/A and E/E' ratios ( Figure 7B ,E,F). HR was higher at the 33rd and 41st weeks in the WDS group compared to CD ( Figure 7A ). EFS was lower at weeks 33 and 41 in the WDF group in comparison to CD and WDS ( Figure 7C ). EF also decreased at the 33rd week in the WDF group compared to CD and WDS; however, this variable was reduced more at week 41 in the WDF group than in CD, showing a trend toward declined values concerning WDS (p = 0.059) ( Figure 7D ). In the comparisons among the moments, the HR was lower in the 41st week compared to the 17th and 33rd week in the WDF group; this variable decreased over time in the CD group, being different between the weeks 17 and 41 ( Figure 7A) . The E/A ratio was reduced at weeks 25, 33, and 41 concerning week 17 in the WDF group ( Figure 7E) . The E/E ratio decreased significantly from the 17th week to 25th in the CD group ( Figure 7F ). There was no difference among the moments for the Tei index, EFS, and EF in the three groups ( Figure 7B-D) . 
Cardiac Morphological Evaluation
Post-mortem cardiac macroscopic structure data for the three groups are presented in Table 3 . The WDF group showed increased RVW/T and a trend toward increased HW/T (p = 0.067) in relation to the CD. 
Post-mortem cardiac macroscopic structure data for the three groups are presented in Table 3 . The WDF group showed increased RVW/T and a trend toward increased HW/T (p = 0.067) in relation to the CD. Regarding the LV histological analysis (Figure 8 ), our results showed that the rats receiving WDF and WDS had no change in the transverse myocyte diameter and interstitial collagen fraction. These results indicate that the obese rats did not develop cardiac hypertrophy and interstitial collagen accumulation. Of note, there was a tendency to higher values of interstitial collagen fraction in the WDS group compared to the CD (p = 0.059).
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Discussion
Obesity is a metabolic disease associated with several comorbidities, including CVD, and its epidemic has reached alarming levels worldwide. Thus, pre-clinically, experimental models of DIO have been widely studied. One of the most commonly used diets is the WD, which may change in the proportion of fat and sugar, as well as in the time-course of obesity and CVD induction, making it challenging to find the most appropriate model. Therefore, in the present study we have directly 
Obesity is a metabolic disease associated with several comorbidities, including CVD, and its epidemic has reached alarming levels worldwide. Thus, pre-clinically, experimental models of DIO have been widely studied. One of the most commonly used diets is the WD, which may change in the proportion of fat and sugar, as well as in the time-course of obesity and CVD induction, making it challenging to find the most appropriate model. Therefore, in the present study we have directly assessed the effects of two types of WD, one with a higher quantity of fat (WDF) and another higher in sugar (WDS), on cardiac remodeling in obese rats during a long-term follow-up. The main findings of our study were that although both WD (WDF and WDS) caused pronounced obesity and hypertension, only the WDF was able to induce mild cardiac systolic dysfunction after 33 and 41 weeks of dietary treatment without any sign of cardiac hypertrophy.
As expected, both WD substantially triggered obesity in animals after 41 weeks of the dietary treatment since these animals showed increased body weight and WATs compared to control animals. Although measures related to body fat were only obtained at the end of the study, differences in body weight were early observed from the 12th week for WDS group and from the 15th week for WDF. It has been previously showed that body weight changes reflect body fat in rodents [24] . Despite similar energy intake among the three groups studied, the animals fed with WDS and WDF became obese, suggesting that the nutritional quality of the diet is more related to obesity induction than the calories per se. Similarly, Bortolin et al. [9] showed that WD-fed rats gained more weight and adipose tissue than rats fed a control diet, even though the WD group consumed calories resembling a control group, which proposes that weight gain occurred regardless of calorie consumption. This fact could be explained by the fact that saturated fatty acids are usually less oxidized than unsaturated ones, and the nutrients present different thermogenesis, thus favoring fat deposition [25] [26] [27] . Taken together, our findings evidence that both Western diets, i.e., regardless of the proportion of fat and carbohydrate, were effective in promoting excessive adipose tissue accumulation, which characterizes obesity, in consensus with other studies [9, 12, 16, 28] .
Excess adipose tissue is a major contributor to hypertension [29] . In agreement, the results showed that our DIO models increased systolic blood pressure regardless of the higher predominance of fat or sugar in the diet. Several mechanisms are involved in the pathogenesis of obesity-induced hypertension, including adipokine release, insulin resistance, and stimulation of sympathetic nervous system and renin-angiotensin system [30, 31] . However, the renin-angiotensin system overactivity has been described as a crucial factor since excessive and dysfunctional adipose tissue leads to increased release of angiotensin II in circulation [32] .
Our main goal was to evaluate the effects of two types of WD on cardiac function in rats during a follow-up of 41 weeks to establish an appropriate model for future studies. Surprisingly, our data revealed that only the WDF was able to induce a mild systolic cardiac dysfunction at the 33rd and 41st week, presenting lower values of EFS and EF, and without any change in structural parameters or presence of hypertrophy or fibrosis. Our present findings did not support the expectation that WD would result in pronounced impairment of diastolic and systolic functions over the 41-week experimental period. The cardiac performance in vivo, evaluated by echocardiogram, may be influenced by many factors, such as heart rate, contractility, preload, and afterload [33] . Thus, a possible explanation for the decreased systolic function observed in WDF-fed rats could be related to elevated afterload since these rats presented hypertension. However, the WDS-fed animals also showed increased SBP and yet no functional change in the heart was observed. Therefore, we believe that the alterations observed in the WDF group str related to contractile muscle properties due to excessive fatty acid supply in this diet. Indeed, lipid overload in the heart is associated with cardiac dysfunction by several mechanisms due to lipotoxicity, including alterations in energy metabolism, especially fatty acid β-oxidation, de novo ceramide synthesis, oxidative stress, inflammation, endoplasmic reticulum stress, among others [34] .
The idea that a WD is harmful to cardiac function is based on a growing body of evidence. However, studies have also presented controversial dysfunction pattern, because of different variables, such as animal models, dietary composition, cardiac function analysis methodology, and experimental duration. These points should be taken into consideration for the divergent findings when comparing them. The majority of studies that used WD with higher fat predominance, regardless of the experiment duration, demonstrated an important functional impairment of the heart, assessed by isolated heart preparation, hemodynamic evaluation, isolated cardiomyocyte measurements, and cardiac magnetic resonance imaging [11, 12, 16, 35, 36] . However, there was no functional alteration when the analysis was performed by echocardiogram [37, 38] . These findings reveal the importance of choosing the method in the cardiac functional outcome. Among the studies that employed WD with high carbohydrate content, authors did not show cardiac dysfunction by echocardiographic or hemodynamic evaluation, independently of experimental protocol duration [39] [40] [41] . Conversely, authors evidenced the presence of relevant systolic and diastolic dysfunction, evaluated by echocardiogram, when the WD high in carbohydrate was associated with 25% fructose or sucrose in drinking water, suggesting a crucial role of sugars [14, [42] [43] [44] [45] . Indeed, elevated sugar intake has been associated with greater risks of developing cardiovascular disease [46] . However, experimental studies with high sugar added in the diet [38, 47, 48] or in the drinking water [49] [50] [51] have also shown conflicting results regarding the cardiac dysfunction due to the heterogeneity of the experimental protocol. Future investigations should be of reasonable duration, use defined animal models, and improve comparisons concerning results of relevant doses of nutrients on specific outcomes to better understand the effect of sugar consumption in the absence of potential confounding factors. We believe that the synergy between sugar added in drinking water and the Western diet has a more relevant effect on cardiac remodeling in obesity.
Of note, investigations also showed that WD with a balance between fat and carbohydrate and without sugar in drinking water impairs both systolic and diastolic function [13] or causes slight cardiac systolic dysfunction when assessed by echocardiogram. These discrepant outcomes with other authors cited above may be due to protocol duration, animal model or amount and source of fat and sugar.
Regarding the above remarks, it is noteworthy that the lack of cardiac dysfunction at the whole heart level does not necessarily imply a lack of subtle alterations in cardiomyocyte function. Perhaps a functional analysis at the level of isolated heart, myocyte preparations, or papillary muscle could detect cardiac dysfunction that was not observed in our study. The ex vivo functional evaluations could minimize neurohumoral influences that can compensate for changes in heart performance. Dietary modifications, such as introducing sugar into drinking water, could also modify the outcomes found. Therefore, further studies are needed to search for an appropriate DIO model with cardiac dysfunction, widely exploring different techniques of functional analysis of the heart, animal models, diets, and exposure time.
In conclusion, both WD used in the current study (WDF and WDS) were effective in triggering obesity in animals characterized by the high body weight and adiposity; however, only the WDF induced mild cardiac systolic dysfunction after long-term exposure to diet.
